HeLa cells depleted of polyamines by treatment with a-difluoromethylornithine (DFMO), methylglyoxal bis(guanylhydrazone) (MGBG) or a combination of the two, were examined for sensitivity to micrococcal nuclease, DNAase I and DNAase II. The degrees of chromatin accessibility to DNAase I and II appeared enhanced somewhat in all three treatment groups, and the released digestion products differed from those in non-depleted cells. DNA released from MGBG-and DFMO/MGBG-treated cells by DNAase II digestion was enriched 4-7-fold for Mg2"-soluble species relative to controls. DNA released by micrococcal nuclease digestion from all three treatment groups was characterized as consisting of higher-order nucleosomal structure than was DNA released from untreated cells. At least some of the altered chromatin properties were abolished by a brief treatment of cells with polyamines, notably spermine. These studies provide the first demonstration in vivo of altered chromatin structure in cells treated with inhibitors of polyamine biosynthesis.
INTRODUCTION
Treatment of mammalian cells with inhibitors of polyamine biosynthesis leads to cessation of cell division. This anti-proliferative effect is apparently related to depletion of polyamines, since growth arrest is reversed by polyamine addition, but the exact role of polyamines in this process is still poorly understood, despite a tremendous amount ofwork in this area. In fact, although the polyamines putrescine, spermidine and spermine have been shown to affect the characteristics of a large variety of biochemical processes in vitro [1] , no definitive role for polyamines in vivo has been established. Even though it is clear from studies in vitro that polyamines can substitute for inorganic cations in many reactions, our lack of knowledge regarding compartmentalization or intracellular localization of polyamines makes it very difficult to determine if these functions pertain to the situation in vivo as well. It is reasonable to assume that polyamines have cellular functions beyond those of simple cations, since it is well established that the biosynthesis and interconversion of these basic amines is highly regulated through several key enzymes, notably ornithine decarboxylase and S-adenosylmethionine decarboxylase (see [2] for review).
Among the more interesting characteristics of polyamines is their apparent interaction with DNA. Studies in vitro (reviewed in [3] ) have demonstrated that polyamines, notably spermidine and spermine, can protect DNA from enzyme degradation and X-ray, thermal and alkaline denaturation, are involved in the conversion of B into A and Z forms of DNA, and aid in the condensation of DNA. The actual demonstration of an association of polyamines with mammalian cellular DNA, however, has been much more elusive, although spermine has been found to be associated with bacteriophage T4 DNA [4] , and a nuclear localization of at least spermine is suggested in some studies with cultured mammalian cells [5, 6] . In addition, X-ray-diffraction studies coupled with computer-modelling analyses have revealed the possibility of specific polyamine-DNA interactions which could alter DNA structure in a fashion which would explain some of the known interactions of polyamines and DNA in vitro (see [7] for review). Other indirect evidence for a role of polyamines in chromatin structure and function is the finding of altered sensitivity of polyamine-depleted cells to various DNA-binding anti-tumour agents (reviewed in [8] ).
Thus evidence exists suggesting that polyamines may play a role in chromatin structure. There is little evidence in vivo, however, in support of this theory. The purpose of the present study was 
Cloning efficiency studies
To determine the effects of inhibitor treatment on the ability of HeLa cells to form clones, appropriately treated cells were harvested with trypsin and seeded at a density of 250 cells/60 mm dish. Cells were allowed to grow for 10 days with a change of medium on day 5. They were then fixed with methanol, stained with Giemsa, dried, and the colonies counted. Untreated control cells exhibited 50-65 % cloning ability by this protocol.
Polyamine determinations
Determination of cellular polyamines was accomplished by dansylation followed by reversed-phase h.p.l.c. as described in detail elsewhere [9] . A Waters system with two model 510 pumps, a model 680 automated gradient controller and a model 710B WISP Autoinjector was used.
Intracellular localization of polyamines
Compartmentalization of polyamines in HeLa cells was determined by a modification of the procedure of Mach et al. [6] . Briefly, cells were treated for 15 s with 1.5 ml of warmed buffer (pH 8.0) containing 0.40 Nonidet P-40. A portion of the lysate was made 10 % with ice-cold trichloroacetic acid. A second 5 s wash of the nuclei still attached to the culture dish was treated similarly. Polyamines of the nuclei were extracted by a 1 h treatment with 100 trichloroacetic acid. All samples were extracted with trichloroacetic acid for 1 h, and clarified supernatants containing polyamines were then subjected to h.p.l.c. analysis for polyamines as described above.
Cell-cycle distribution
Determination of the proportion of the cell population in S-phase was accomplished by autoradiography. Ap For DNAase II digestion, nuclei were resuspended in 25 mM-sodium acetate at 1 x 106/ml, and 100 Kunitz units of enzyme was added for various periods of time at room temperature. The reaction was stopped by addition of 15 ,ul of 0.1 M-Tris, pH I 1.8, and the reaction mixture was spun for 20 min in an Eppendorf centrifuge (6500 g). The nuclease-resistant DNA (pellet) was then either counted for radioactivity or stored for later use. The nuclease-sensitive DNA in the supernatant was either counted for radioactivity or, in some experiments, adjusted to 20 mM-MgCl2 by slow addition of 1 M-MgCl2. A 20 min Eppendorf spin separated the Mg2"-soluble 'transcriptionally active chromatin' in the supernatant from the Mg2+-insoluble 'heterochromatin' in the pellet.
For micrococcal nuclease (MNase) digestion, the nuclear isolation was as above except that the lysis buffer contained 5 mM-MgCl2 and 30 Triton. Thrice-washed nuclei were resuspended in 10 mM-Tris buffer (pH 8.0) containing 10 /tM-CaCl2 at 2 x 106/500 AIl, 0.03 Kunitz unit of MNase was added and the nuclei were incubated at room temperature. Samples were removed at various times, sedimented as above to separate nuclease-resistant and -sensitive DNA, and either counted for radioactivity or saved for sucrose-gradient analysis as described below.
Endogenous nuclease activity was monitored as follows: nuclei were prepared by lysis in buffer containing 250 mM-sucrose, 5 mM-CaCl2 and 5 mM-Tris (pH 8.0), followed by homogenization as above. Nuclei were incubated at 37°C for up to 24 h in physiological buffer containing 60 mM-KCl, 15 mM-NaCl, 1 mM-CaCl2, 10 mM-MgCl2, I mM-EDTA and 50 mM-Tris (pH 7.4). At various times, samples were removed, sedimented as above, and analysed by scintillation counting.
Conditions for all DNAase digestions were selected on the basis of published optimal reaction conditions, but with cognizance of the work of Walker & Sikorska [10] demonstrating the importance of maintaining chromatin in as near a native configuration as possible.
Nucleosomal-profile studies
The degree of digestion of DNA at the nucleosomal level was monitored after MNase treatment by sedimentation in neutral sucrose gradients. The post-Eppendorf supernatant (nuclease-sensitive DNA) was layered on top of a 12 ml linear 5-25 00 neutral sucrose gradient containing 20 mM-NaCl (adjusted to pH 7.2) and centrifuged for 18 h at 28000 rev./min in an SW 40 rotor at 4 0C. Fractions were collected by pumping from the bottom and were counted for radioactivity by liquidscintillation spectrometry.
Nick-translation studies
Nuclei from non-radioactively labelled cells were 
RESULTS
Treatment of mammalian cells with DFMO, MGBG or a combination of the two resulted in a significant alteration in cellular polyamine contents through interference with polyamine-biosynthesis pathways. Table 1 demonstrates the changes observed in HeLa cells after inhibitor treatment. Doses and treatment times used in these studies were those that produced optimal effects while having minimal cytotoxic activity. MGBG (5 /tM) treatment for 24 h decreased cloning efficiency somewhat (38 %), but this dose is below that reported to be associated with disruption of mitochondrial structure and function [12] . DFMO treatment depletes putrescine and spermidine to near zero, while leaving spermine contents largely unaffected. Upon removal of DFMO, polyamine contents show no recovery for at least 3 h, but can be increased upon addition ofexogenous polyamines. MGBG treatment depletes spermidine and spermine, but markedly increases putrescine. This increase in putrescine has been previously examined and found to be due to the decreased conversion of putrescine into spermidine, owing to the MGBG-imposed block to the production of decarboxylated S-adenosylmethionine, and secondarily to the protection of putrescine from diamine oxidase, which activity is also inhibited by MGBG (see [13] for review). A combined treatment with the two inhibitors leads to depletion of all three polyamines, a condition which is again partially reversed with exogenous polyamine addition. The manner in which polyamines are depleted from inhibitor-treated cells and the uptake and interconversion characteristics under various conditions are consistent with previous studies (reviewed in [2] ).
Owing to rapid redistribution upon cellular disruption, it is necessary to use very rapid cell-lysis techniques [6] to determine intracellular localization of polyamines. The use of the nucleoid-sedimentation assay as it applies to the study of higher-order DNA structure (as described below) has been reviewed [14] . Basically, the degree of DNA supercoiling is determined from a series of gradients containing increasing concentrations of the DNA-intercalating dye ethidium bromide. With increasing dye intercalation, nucleoids sediment more slowly as the DNA becomes more unwound (negatively supercoiled). Maximum unwinding is seen as minimal sedimentation. At higher dye concentrations, the DNA becomes positively supercoiled and begins to sediment faster as it takes on a more condensed form. Differences in the concentration of dye required to give minimal sedimentation between two DNA samples reflect altered supercoiling. Representative sedimentation profiles for untreated and inhibitor-treated cell cultures are shown in Fig. 1 . In all three treatment groups, there is a slower rate of nucleoid sedimentation from treated cells over most of the range of ethidium bromide concentrations. Since there is no clear difference between control and treated cells in the concentration of ethidium bromide that produces minimal nucleoid sedimentation, it must be concluded that no alterations in supercoiling exist in polyamine-depleted cells. On the other hand, all treatment groups show slower sedimentation than controls at all ethidium bromide concentrations tested. In MGBGtreated cells, this same slower sedimentation is seen in the absence of ethidium bromide and could reflect DNA strand breakage. Treatment of cells for 3 h with 1 mM-MgCl2 failed to alter the sedimentation profile in intercalator-containing gradients, nor was it possible to reverse the pattern seen in DFMO/MGBG-treated cells by Mg2' addition (results not shown). Thus, although Mg2" is known to be involved in chromatin condensation, Mg2+ treatment had no effect on DNA-supercoiling profiles. In DFMO/MGBGtreated cells, however, a normal profile is restored by a 3 h treatment with spermine after inhibitor removal, strongly suggesting that spermine depletion is a causative factor in the altered chromatin structure seen in these experiments. Putrescine or spermidine treatment were ineffective in this regard (results not shown).
Radiolabelled nuclei were prepared from untreated or inhibitor-treated cells. In one series of studies, nuclei were incubated with DNAase II under conditions determined from the literature to be optimal, and at various times samples were removed for determination of nuclease-sensitivity. All treatment groups exhibited a time-dependent increase in DNA digestion. At digestion times of 30 min or longer, nuclei from all inhibitor- Table 3 , the increased DNAase II-sensitivity of MGBG-treated cells was completely abolished by a 3 h treatment with spermine. Putrescine and spermidine had no such effect. DNAase II digestion of nuclear chromatin may also be used to distinguish template-active euchromatin from template-inactive heterochromatin, based on differential Mg2+-solubility of these two classes. Table 4 shows that the proportion of Mg2+-soluble DNA is very high relative to Mg2+-insoluble DNA in the DNAase IT-sensitive fraction of MGBG-and DFMO/MGBG-treated cells. This is not seen in DFMO-treated or untreated controls. This ratio is elevated in DFMO/MGBG-treated cells regardless of the extent of DNA digestion, but in MGBGtreated cells it is more pronounced under conditions of limited digestion. Spermine addition to DFMO/MGBGor MGBG-treated cells for 3 h before isolation of nuclei results in a Mg2+-soluble/-insoluble ratio more nearly like that seen in untreated cells (results not shown). Putrescine or spermidine addition did not have a consistent effect. Treatment with the polyamines themselves or with 1 mM-MgCl2 (3 h) had no effect on the Mg2+-soluble/-insoluble ratio in otherwise untreated cells (results not shown).
MNase preferentially cleaves internucleosomal regions of chromatin generating, upon exhaustive digestion, mononucleosomes. Brief digestion, to less than 100% release ofnuclear DNA, preferentially degrades templateactive chromatin and generates a mixture of mono-and oligo-nucleosomal units. Unlike the case with DNAase II, the extent of MNase digestion was not found to differ significantly between inhibitor-treated and untreated nuclei (results not shown), but an analysis of the digestion products by sucrose-gradient sedimentation revealed interesting differences. Fig. 2 shows that, after all inhibitor treatments, a greater proportion of MNase-sensitive DNA was released in the form of oligonucleosomes (as opposed to mononucleosomes) than in the untreated control. In these studies, digestion was carried out for 2 min and resulted in 40 DNA digestion in all groups. As a final probe of chromatin structure, nuclei were subjected to limited DNAase I digestion, followed by incubation in the presence of a DNA-synthesizing reaction mixture containing radiolabelled dTTP and E. coli DNA polymerase I. The E. coli enzyme initiates DNA synthesis at all DNA strand interruptions containing free 3'-hydroxy termini and extends this synthesis over relatively large stretches of template by a nick-translation process. Fig. 3 indicates that the incorporation of radiolabelled DNA precursor was higher in all inhibitortreated groups than in untreated controls. There was no indication in any of the groups of incorporation in nuclei which had not received a prior DNAase treatment, again arguing against the possibility that inhibitor-treated cells had a higher initial content of DNA strand breaks, which served as template-primers for the E. coli polymerase. 
DISCUSSION
That polyamines bind to chromatin in mammalian cells has been accepted largely on faith, as very little information exists regarding intracellular localization of polyamines. The logical extension of this paradigm envisages a role for polyamines in stabilization of chromatin structure, as an explanation for various phenomena seen in polyamine-depleted cells, such as inhibition of cell division [15] , changes in differentiative state (reviewed in [16, 17] ), altered sensitivity to DNA-binding anti-tumour agents [7] , and increased chromosome instability [18] [19] [20] .
There has been only one published report directly demonstrating a possible chromatin alteration in polyamine-depleted mammalian cells. Hung et al. [21] showed that DNA isolated from DFMO-treated 9L rat brain tumour cells possessed a clearly increased visco-elastic retardation time compared with untreated cells, suggestive of a conformational change. This effect could be completely abolished by a further incubation of cells in putrescine-containing medium.
In the present study, an attempt was made to examine chromatin structure more extensively in polyaminedepleted HeLa cells. Two types of experiments were employed: (1) probing of DNA supercoiling by ethidium bromide intercalation, and (2) Treatment with DNAase I (Fig. 3) and DNAase II leads to increased digestion of DNA from inhibitortreated cells. The extent of this effect in all groups, though small, is similar to that reported for other systems in which experimental manipulations of cultured cells or animals have led to reported alterations in chromatin structure [22] [23] [24] . The increased digestibility of chromatin, as well as all other observed chromatin anomalies, are abolished by a 3 h incubation of cells with spermine, but not with putrescine or spermidine, suggesting a role of spermine depletion in altered chromatin structure. Since spermine is added only for the last 3 h, it is unlikely that this effect relates to competition for uptake of MGBG by spermine, but an alternative possibility may be that spermine displaces chromatin-bound MGBG, thus relieving some sort of MGBG-induced structural change. It may be important that alterations in DNAase II sensitivity are seen only at longer digestion times. This suggests that chromatin structure may not be affected in such a way as to produce a higher initial number of sites for DNAase II binding, but rather that digestion 'uncovers' additional sites, perhaps owing to relieving of conformational constraints.
Polyamine addition enhances the activity of at least some nucleases [25] . In our studies, polyamine addition to otherwise untreated HeLa cells did not result in increased chromatin digestibility, but cellular polyamines were not markedly increased under those conditions. It remains possible that the 40-fold increase in putrescine in [26, 27] and the enrichment in that fraction of the high-mobility-group proteins, HMG14 and HMG17. It has been postulated [28] [10] have indicated that enhanced nuclease sensitivity of transcriptionally active chromatin may derive largely from its differential solubility, rather than some inherent structural change imposing increased sensitivity. Palvimo et al. [29] demonstrated that chromatin derived from polyamine-starved CHO-P22 polyamine auxotrophs (ODC-) contained nearly twice the amount of HMG14 as did controls, and that the degree of covalent modification (phosphorylation, ADP-ribosylation) of several HMG proteins was also different from normal controls. It is tempting to speculate that the altered DNAase IL-sensitivity observed in the present studies derives from an alteration in HMG proteins upon polyamine depletion. Perhaps loss of spermine from chromatin provides increased binding sites for HMG proteins. Subsequent addition of spermine might then displace the HMG protein and restore normal chromatin solubility in that area.
Digestion with MNase did not provide an indication of increased digestion in polyamine-depleted cells (results not shown), but DNA released after very brief digestions was of a clearly different conformation in treated and control groups. Whereas control DNA was enriched for mononucleosomes, DNAs from all treated groups displayed a marked tendency to accumulate as nucleosome oligomers (Fig. 2) . Polyamine addition for 3 h before MNase digestion did not reverse these effects. It would appear, then, that perhaps altered MNase sensitivity is mediated by factors other than those involved in altered DNAase II sensitivity. It is of some considerable interest in this regard that cortical neuron cells from patients with Alzheimer's disease also show chromatin anomalies, among which is this same deficiency in the ability of MNase to digest chromatin to mononucleosomes [30, 31] . These cells also display certain deficiencies in DNA repair, and DNA repair is also deficient in polyamine-depleted cells [32] .
The above studies provide evidence that polyamines may play a role in chromatin structure in vivo which is consistent with their observed effects in vitro. However, the observed chromatin alterations could arise from factors other than polyamine depletion. Changes in cell cycling can be ruled out, since the depression of cell cycling after inhibitor treatment is not consistent with the enhanced sensitivity to nuclease digestion. Cytotoxic effects of MGBG through mitochondrial disruption would similarly not seem to be involved, since short spermine treatments readily reverse the effects. Finally, since inhibition of protein synthesis accompanies inhibitor treatment, it is possible that defective chromatin assembly could result from a deficiency of chromosomal proteins or modification of those proteins owing to a general depression of protein synthesis. Thus, although the present results are consistent with the notion that spermine depletion specifically results in altered chromatin structure, additional studies must be carried out to define more fully the nature and cause of the observed chromatin structural changes.
